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A B S T R A C T
Background: Apathy is the neuropsychiatric syndrome that correlates most highly with Huntington's disease
progression, and, like early patterns of neurodegeneration, is associated with lesions to cortico-striatal con-
nections. However, due to its multidimensional nature and elusive etiology, treatment options are limited.
Objectives: To disentangle underlying white matter microstructural correlates across the apathy spectrum in
Huntington's disease.
Methods: Forty-six Huntington's disease individuals (premanifest (N=22) and manifest (N=24)) and 35
healthy controls were scanned at 3-tesla and underwent apathy evaluation using the short-Problem Behavior
Assessment and short-Lille Apathy Rating Scale, with the latter being characterized into three apathy domains,
namely emotional, cognitive, and auto-activation deficit. Diffusion tensor imaging was used to study whether
individual differences in specific cortico-striatal tracts predicted global apathy and its subdomains.
Results: We elucidate that apathy profiles may develop along differential timelines, with the auto-activation
deficit domain manifesting prior to motor onset. Furthermore, diffusion tensor imaging revealed that inter-
individual variability in the disruption of discrete cortico-striatal tracts might explain the heterogeneous severity
of apathy profiles. Specifically, higher levels of auto-activation deficit symptoms significantly correlated with
increased mean diffusivity in the right uncinate fasciculus. Conversely, those with severe cognitive apathy de-
monstrated increased mean diffusivity in the right frontostriatal tract and left dorsolateral prefrontal cortex to
caudate nucleus tract.
Conclusions: The current study provides evidence that white matter correlates associated with emotional, cog-
nitive, and auto-activation subtypes may elucidate the heterogeneous nature of apathy in Huntington's disease,
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T
as such opening a door for individualized pharmacological management of apathy as a multidimensional syn-
drome in other neurodegenerative disorders.
1. Introduction
Huntington's disease (HD) is an autosomal dominant, neurodegen-
erative disorder caused by a cytosine-adenine-guanine polyglutamine
expansion in the HTT gene (MacDonald et al., 1993). Typically mani-
festing in mid-adulthood, the disease is characterized by progressive
motor and cognitive deficits as well as neuropsychiatric symptoms such
as apathy.
Apathy represents one of the most common psychiatric symptoms in
HD. Occurring at a prevalence of 52–75% in HD individuals (Paoli
et al., 2017), apathy constitutes a significant burden on the quality of
life of patients and caregivers. Additionally, apathy have been shown to
act as a biomarker of disease progression (Craufurd et al., 2001; Kingma
et al., 2008; Thompson et al., 2012; Tabrizi et al., 2013; van Duijn et al.,
2014; Fritz et al., 2018). However, other studies using comprehensive
psychiatric scales not specific to HD have revealed that many indices
increase with disease severity, including depression, anxiety, and ob-
sessive-compulsiveness (Duff et al., 2007) as well as ‘frontal’ behaviors
such as disinhibition and executive dysfunction in addition to apathy
(Duff et al., 2010). Nonetheless, an understanding of the expression
patterns and potential underlying mechanisms of apathy in HD is es-
sential to clinicians providing care to those impacted by apathy across
neurodegenerative disorders.
Apathy is a multidimensional, transdiagnostic syndrome char-
acterized by decreased motivation with a quantitative reduction in
goal-directed behaviors. Traditionally, apathy has been associated with
cortico-striatal connections, specifically ventral, limbic loops (Tekin
and Cummings, 2002; Thompson et al., 2002; Bonelli and Cummings,
2007; Delmaire et al., 2013). This has also been posited in HD popu-
lations, where early degeneration has been targeted to cortico-basal
ganglia networks (Camacho et al., 2018). However, recent reviews have
associated apathy to a wider range of neural substrates specific to three
domains: cognitive, emotional, and auto-activation deficit (Levy and
Dubois, 2006; Pagonabarraga et al., 2015). Cognitive apathy, described
as inertia of executive functioning needed to elaborate an objective-
oriented behavioral plan (e.g., “I find it difficult to organize future
goals”), has been posited to involve the dorsolateral prefrontal cortex
and caudate nucleus. On the other hand, emotional apathy is defined as
a blunting in affect not attributable to depression (e.g., “I feel in-
difference for many issues that I was previously interested in”) and
relates more closely with lesions to the orbitomedial prefrontal cortex,
anterior cingulate cortex, amygdala, and ventral striatum. The third
domain refers to auto-activation deficit, which translates to difficulties
in self-activating thoughts or behavior (e.g., “I need a push to get
started on things”) (Levy and Dubois, 2006; Pagonabarraga et al.,
2015). Auto-activation deficit may represent the most severe form of
apathy, and is also seen in form of akinetic mutism, abulia, and Laplane
syndrome (Lhermitte et al., 1986; Bonelli and Cummings, 2007). Neu-
rologically, it is encountered in individuals with large frontal and basal
ganglia lesions (Levy and Dubois, 2006).
Neuroimaging studies using diffusion tensor imaging (DTI) have
demonstrated potential for parsing out white matter correlates of
apathy in HD. Measures such as mean diffusivity (MD) and fractional
anisotropy (FA) function as proxies to study white matter micro-
structural properties that include not only demyelination accom-
panying neurodegeneration, but also incipient tissue swelling and re-
distribution of fluid that occurs at earlier stages of the disease (Sen and
Basser, 2005). However, such studies have yielded inconsistent results
(Delmaire et al., 2013; Gregory et al., 2015; McColgan et al., 2017),
perhaps due to the great variability among HD individuals in the degree
and evolution of apathy symptoms. One possible source of individual
differences in apathy symptomology could be explained by variability
in the degree of neurodegeneration of different neural circuits. In this
regard, neuroimaging studies can contribute to the understanding of the
neurobiological basis of phenotypic heterogeneity in terms of tract-
specific white matter microstructure. To date, however, there has been
no study investigating the relationship between apathy subtypes and
white matter connectivity in HD. Disentangling the white matter cor-
relates associated with emotional, cognitive, and auto-activation sub-
types in HD may elucidate the picture further, clarifying potential
profiles of the disease across the apathy spectrum and as such facil-
itating the diagnosis and treatment of apathy.
Aligning reviews by Levy and Dubois (2006), Bonelli and Cummings
(2007), Pagonabarraga et al. (2015), we consider apathy as a multi-
dimensional transdiagnostic syndrome that may be represented by
white matter dysfunction in specific cortico-striatal tracts. First, the
frontostriatal tract (FST) and the dorsolateral prefrontal cortex to cau-
date nucleus tract (dlPFC-cn) are hypothesized to be more involved in
cognitive apathy in addition to general apathy. The FST connects the
dorsal caudate to the presupplementary motor area, a region anato-
mically and functionally associated with motor preparation as well as
non-motor, cognitive tasks (Nachev et al., 2008; Morris et al., 2016). In
regard to the dlPFC-cn, the cortical dlPFC projection is involved pre-
dominantly in executive function (Thompson et al., 2002) and emo-
tional regulation (Davidson et al., 2000).
Conversely, the uncinate fasciculus (UF) is a ventral associative
bundle, putatively involved in emotional processing, that connects the
anterior temporal lobe with the amygdala and orbitofrontal cortex
(Catani et al., 2002; Von Der Heide et al., 2013). Indeed, it has recently
been shown that changes in gray matter volume in the amygdala and
temporal lobe, as well as decreased glucose metabolism in the anterior
cingulate and ventromedial PFC, play a critical role in apathy severity
in HD (Martinez-Horta et al., 2018). All such regions constitute the
medial orbitofrontal circuit, a cortico-striatal loop that has been di-
rectly associated with general apathy (Tekin and Cummings, 2002;
Thompson et al., 2002) and which may be involved in emotional
apathy.
The last subtype, auto-activation deficit, is associated with more
widespread neural correlates. These include terminations of both the
FST and UF. With regards to the FST, both the medial superior frontal
gyrus and caudate nucleus are cited as anatomical involvements of
auto-activation deficit (Pagonabarraga et al., 2015), and the caudate
nucleus is associated with planning and execution of self-generated
novel action (Monchi et al., 2006). Likewise, the orbitofrontal cortex, to
which the UF projects, is associated with deficits in auto-activation
(Levy and Dubois, 2006). Given this evidence, we hypothesize that
disturbances in FST or UF white matter may be related with auto-ac-
tivation deficit.
With regards to global apathy, we utilize an exploratory approach in
all three fronto-cortico-striatal tracts, namely the cognitively-oriented
FST and dlPFC-cn as well as the limbic UF.
The present exploratory study aims to investigate the neural bases
underlying individual differences in both global apathy and its three
subtypes in HD. As such, we explored the relationship between apathy
and white matter microstructure of cortico-striatal connections. To do
so, we virtually dissected specific cortico-striatal tracts in vivo in order
to characterize the FST, dlPFC-cn, and UF. We hypothesized that these
discrete cortico-striatal tracts are associated with both global apathy
and distinct apathy domains. Specifically, we predicted a positive re-
lationship between white matter microstructure disturbance and
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cognitive apathy in the dorsal, cognitively-associated FST and dlPFC-cn
and, comparatively, a positive relationship between emotional apathy
and disturbance of the ventrally located UF. Finally, we predicted that a
more severe disruption of the FST and UF tracts would evince a positive
association with increased levels of auto-activation deficit.
2. Methods
2.1. Participants
Participants' demographics are detailed in Table 1. Forty-six HD
gene-expansion carriers and 35 healthy control participants who mat-
ched for age (t(79)= 0.05, P= .959), sex (t(69.8)= 1.65, P= .103),
and years of education (t(78)=−1.31, P= .194) participated in this
study. Control participant data was utilized in two stages of the ana-
lysis: 1) to compare apathy levels and 2) to explore white matter mi-
crostructure disturbance.
HD individuals were grouped into premanifest (N=22) and man-
ifest (N=24) stages based on their Unified Huntington's Disease Rating
Scale (UHDRS) diagnostic confidence score for motor abnormalities
(Huntington Study Group, 1996).
Despite the fact that HD is clinically diagnosed based on motor
onset, pathological changes are often present long before motor
symptoms (Thompson et al., 2012; Martinez-Horta et al., 2016). As
such, when examining the association between white matter micro-
structure and apathy subtypes, we studied the disease as a continuum.
Antidepressants are widely used to treat mood disturbances in HD,
and tetrabenazine and benzodiazapines are prescribed to manage motor
symptoms. However, such medications may worsen apathy severity
(Frank, 2014). As such, medication use (SSRIs, SARIs, NASSAs, NSRIs,
NDRIs, benzodiazapines, tetrabenazines, antipsychotics, and anti-epi-
leptics) was recorded in order to create a binary code delineating the
presence or absence of medication at the visit that may affect mood or
apathy scores.
Due to time constrains, not all tests were administered to all parti-
cipants. The specific N is detailed for each test. One control and two HD
participants did not receive a diffusion-weighted image scan due to
claustrophobia. Furthermore, outliers whose Z-scores were greater than
|3.5| were excluded. No participants reported previous history of
traumatic brain injury or neurological disorder other than HD. The
study was approved by the ethics committee of Bellvitge Hospital in
accordance with the Helsinki Declaration of 1975 and all participants
provided written informed consent.
2.2. Clinical evaluation
All HD participants underwent the UHDRS evaluation (Huntington
Study Group, 1996), which comprises subscales for motor function
(UHDRS-TMS) and cognition (UHDRS-cogscore).
In order to further describe the HD sample, we defined the stan-
dardized CAG-Age Product (CAP) score for each group, computed as
CAP=100×age× (CAG – 35.5) / 627 (Ross et al., 2014). In addition,
total functional capacity (TFC) was employed as a measure of in-
dependence in daily activities, ranging from thirteen (full capacity) to
zero (total incapacity) (Huntington Study Group, 1996). TFC has been
shown to be reliable based on radiographic measures of HD progression
(Young et al., 1986). All evaluations were carried out by neu-
ropsychologists and psychiatrists specializing in movement disorders.
2.3. Neuropsychiatric assessment
Previous literature has recommended concurrent implementation of
multiple apathy questionnaires in order to promote a more consistent
evaluation of apathy across studies (Passamonti et al., 2018). As such,
we implemented both the short forms of the Problem Behavior As-
sessment (PBA-s) and the Lille Apathy Rating Scale (LARS-s). The PBA-s
was specifically designed for neuropsychiatric evaluation in HD in-
dividuals; however, it cannot be decomposed to measure multiple as-
pects of apathy, which has been recommended in recent studies (Fritz
et al., 2018; Misiura et al., 2019). The comprehensive nature of the
LARS-s, in contrast, allows a more in-depth assessment of apathy than
that which is available in the PBA-s or other commonly used neu-
ropsychiatric assessments such as the Frontal System Behavior Scale
and Neuropsychiatric Inventory (Duff et al., 2010; Reijnders et al.,
2010; Clarke et al., 2011), while maintaining applicability for practical
and reliable use in everyday clinical practice (Dujardin et al., 2013).
2.3.1. Problem behavior assessment, short-form
The short form of the Problem Behavior Assessment (PBA-s) was
designed for the evaluation of neuropsychiatric symptoms in HD
(Craufurd et al., 2001; Kingma et al., 2008). The PBA-s consists of
eleven items, from which three main components measuring apathy,
irritability, and affective symptoms have been identified (Callaghan
et al., 2015). Following this delineation, we calculated apathy and af-
fective components by summing the corresponding PBA-scores (fre-
quency× severity) of the corresponding items, where ‘apathy’ is the
sum of lack of initiative, perseverative thinking or behavior, and dis-
oriented behavior, and ‘affective behavior’ is the sum of depressed
mood, suicidal ideation, and anxiety. Higher scores indicate more se-
vere/frequent symptoms.
Table 1
Sociodemographic and clinical characteristics of study participants.
Control Manifest Premanifest P (Cohen's d)
Na 35 24 22 -
Sex (f/m) 18/17 14/10 18/4 .103
Age (years) 44.00 ± 11 51.00 ± 9.5 36.64 ± 8.7 .959
Education (years) 12.74 ± 2.7 10.71 ± 2.6 13.29 ± 2.6, N=21 .194
UHDRS-TMS - 22.13 ± 12 1.524 ± 3.0, N=21 < .001⁎ (2.362)
UHDRS-cogscore - 183.1 ± 58, N=21 299.1 ± 65, N=19 < .001⁎ (1.939)
CAP - 113.86 ± 18 80.78 ± 16, N=21 < .001⁎ (1.956)
TFC - 11.17 ± 2.0 12.76 ± 0.70, N=21 .001⁎ (1.066)
Data presented as mean ± standard deviation. P-values refer to independent two-tailed t-tests between all Huntington's disease gene-expansion carriers combined vs.
controls (gray background) and premanifest vs. manifest Huntington's disease gene-expansion carriers (white background). Cohen's d is displayed for significant
results.
N=number of participants; f= females; m=males; UHDRS-cogscore=Unified Huntington's Disease Rating Scale total cognitive score; UHDRS-TMS=Unified
Huntington's Disease Rating Scale total motor score (Huntington Study Group, 1996); CAP= standardized age-CAG product (Ross et al., 2014); TFC=Total
Functional Capacity.
⁎ P-values retained significance after false discovery rate correction (q=0.05).
a Number of participants listed in individual cells when differing from this number for each group.
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2.3.2. Lille apathy rating scale, short-form
Global apathy is measured as the total score of the Lille Apathy
Rating Scale, short-form (LARS-s) (Sockeel et al., 2006; Dujardin et al.,
2013). The LARS-s global score ranges from −15 to +15, in which
higher scores represent a greater degree of apathy. The cut-off for
clinically relevant global apathetic syndromes is defined as a score
greater than −7 (Dujardin et al., 2013). We measured apathy domains
by combining items into cognitive apathy (everyday productivity, in-
terests), emotional apathy (novelty seeking, emotional responses), and
auto-activation deficit (initiative, motivation). These domains of apathy
were categorized based on previous apathy literature (Levy and Dubois,
2006; Starkstein and Leentjens, 2008; Robert et al., 2009;
Pagonabarraga et al., 2015).
2.4. MRI data acquisition
MRI data were acquired through a 3T whole-body MRI scanner
(Siemens Magnetom Trio; Hospital Clínic, Barcelona), using a 32-
channel phased array head coil. Structural images were comprised of
conventional high-resolution 3D T1 image [magnetization-prepared
rapid-acquisition gradient echo sequence, 208 sagittal slices, repetition
time 1970ms, echo time 2.34ms, inversion time 1050ms, flip angle 9°,
field of view 25.6 cm, 1mm isotropic voxel with no gap between slices].
Diffusion-weighted MRI data were acquired using a dual spin-echo
DTI sequence with GRAPPA (reduction factor of 4) cardiac gating, with
echo time 92ms. Images were measured using 2mm isotropic voxels,
no gap, 60 axial slices, field of view 23.6 cm. In order to obtain the
diffusion tensors, diffusion was measured along 64 non-collinear di-
rections, using a single b-value of 1500 s/mm2 interleaved with 9 non-
diffusion (b=0) images. To avoid chemical shift artifacts, frequency-
selective fat saturation was used to suppress fat signal.
2.5. DW-MRI tractography analysis
2.5.1. Preprocessing of DTI data
Brain extraction was performed using the FSL Brain Extractor Tool
(Smith, 2002). Head motion and eddy-current correction were then
performed using the FMRIB's Diffusion Toolbox (FDT) in FMRIB's
Software Library (FSL, http://www.fmrib.ox.ac.uk/fsl/fdt) and the
gradient matrix was rotated (Leemans and Jones, 2009). The diffusion
tensor was then reconstructed using Diffusion Toolkit's least-squares
estimation algorithm for each voxel provided in Diffusion Toolkit
(http://www.trackvis.org/dtk) and its corresponding eigenvalues and
eigenvectors were extracted to calculate FA and MD maps.
Fiber orientation distributions were reconstructed using a spherical
deconvolution approach based on the damped version of the
Richardson-Lucy algorithm (Dell'Acqua et al., 2010) implemented in
StarTrack software (http://www.natbrainlab.co.uk). Fiber orientation
distribution fields in selected a priori fiber crossing regions (splenium of
the corpus callosum and corona radiata) were first visualized. Then, a
combination of spherical deconvolution parameters was selected to
resolve crossing and avoid spurious peaks in gray matter or cerebral
spinal fluid (fixed fiber response corresponding to a shape factor of
α=2×10–3mm2/s; 200 algorithm iterations, regularization
threshold ƞ=0.04 and regularization geometric parameter v=8).
(See Dell'Acqua et al. (2010), for further details.)
Whole-brain tractography was then performed using a b-spline in-
terpolation of the diffusion tensor field and Euler integration to pro-
pagate streamlines following the directions of the principal eigenvector
with a step size of 0.5mm (Basser et al., 2000). Tractography was
started in the different regions of interest and was stopped when
FA < 0.2 or when the angle between two consecutive tractography
steps was larger than 35°. Finally, tractography data and diffusion
tensor maps were exported into TrackVis (http://www.trackvis.org) for
manual dissection of the tracts.
2.5.2. Tractography dissections
Virtual in vivo DTI dissections of the three tracts of interest were
carried out bilaterally in the native space FA maps and a two-region of
interest (ROI) approach (Catani et al., 2002; Catani and Thiebaut de
Schotten, 2008; Craig et al., 2009). These include two cortico-striatal
tracts, namely the FST and dlPFC-cn, and the cortico-striato-cortical UF
(Fig. 1).
To dissect the FST, fibers projecting from the ROI containing the
presupplementary and supplementary motor areas, as defined on the
axial plane anterior to the hand knob region following anatomical
guidelines described by Catani et al. (2012), were restricted to termi-
nate within the caudate nucleus ROI. The caudate nucleus ROIs were
segmented by using the FSL FIRST toolbox (Nugent et al., 2013) and
then registered to the individual native diffusion space using the FSL
FLIRT (Jenkinson and Smith, 2001) and FNIRT (Andersson et al., 2007)
modules after normalizing both the structural T1 images and FA maps.
To dissect the dlPFC-cn, fibers projecting from the dlPFC ROI were
restricted to terminate within the caudate nucleus area. The dlPFC ROIs
were defined based on (Yi et al., 2016) using the Sallet Dorsal Frontal
Connectivity Based Parcellation Atlas Clusters 5, 6, and 7 (Brodmann
areas 9/46 dorsal, 9/46 ventral, and 46) in FSL and subsequent trans-
formation to the native FA space for each participant.
To dissect the UF, the ROIs were manually defined on the color FA
images of each participant to include white matter of the anterior
Fig. 1. Three cortico-striatal tracts of interest.
Virtual in vivo dissections of frontal cortico-striatal projections for one participant, rendered onto the Montreal Neurological Institute template. Where applicable,
tracts are shown projecting to the subcortical region of interest (caudate nucleus). Cortical regions of interest are delineated in shadow images, behind. Relevant
region of interest are labeled below each respective tract. From left to right: FST (frontostriatal tract; pre/supplementary motor areas to caudate nucleus tract), dlPFC-
cn (dorsolateral prefrontal cortex to caudate nucleus), and UF (uncinate fasciculus; anterior temporal lobe to orbitofrontal cortex).
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temporal lobe and external capsule, based on previous in-house trac-
tography guidelines (Sierpowska et al., 2015; François et al., 2016).
To blind dissectors to participant identity, controls and patients
were randomized. Importantly, due to the presence of marked atrophy
in prefrontal regions, the dorsal tracts were unable to be segmented in
all patients. Specifically, the FST was not dissected in twelve (four right,
four left, four bilaterally) and the dlPFC-cn in ten (one right, seven left,
two bilaterally) out of 45 HD individuals with diffusion data. For those
participants in which segmentation was possible, FA and MD values
were extracted for analysis of white matter microstructure.
2.6. Statistical analyses
Statistical analyses were performed in SPSS v.24 (SPSS Inc.,
Chicago, USA). Independent two-tailed t-tests and Cohen's d were used
to describe clinical and sociodemographic differences between groups
(Cohen, 1977; Lakens, 2013), each surveyed for homogeneity of var-
iance. Pearson's correlations were used to assess associations between
apathy levels, clinical markers, or white matter microstructure. In order
to study differences in apathy between premanifest, manifest, and
control groups, we employed one-way ANOVA with post-hoc compar-
isons.
Prior to investigating the relationship between structural con-
nectivity and apathy, we examined the level of white matter dis-
turbance within each dissected tract of manifest HD patients compared
with controls (independent two-tailed t-tests). Specifically, we ex-
amined extracted FA and MD values of the FST, UF, and dlPFC-cn bi-
laterally. Only those tracts that were affected were further investigated.
Lastly, we studied the association between structural connectivity and
apathy using Pearson's correlations. When studying global apathy via
the PBA-s and LARS-s, we utilized the PBA-s ‘affective behavior’ com-
ponent as a covariate of no interest in order to examine apathy as an
independent psychiatric syndrome from depression. (For a similar ap-
proach, see Reyes et al. (2009), Martinez-Horta et al. (2016), and
Misiura et al. (2019).) Similarly, when studying cognitive apathy,
UHDRS-cogscore and TFC effects were also controlled.
The false discovery rate (FDR) approach was used to correct all t-
tests and correlations for multiple comparisons based on the number of
tracts tested (q=0.05). The number of comparisons is specified in each
analysis. Both raw P-values (P) and the P-adjusted FDR values (P-adj)
are reported. Differences were considered statistically significant when
P-adj≤ 0.05.
3. Results
3.1. Behavioral results
Up to 45% of HD gene-expansion carriers demonstrated clinical
apathy (PBA-s apathy> 2). HD participants also presented PBA-s scores
of> 2 for perseverative phenomena (33%), depressed mood (29%),
anxiety (22%), irritability (22%), angry or aggressive behavior (11%),
obsessive-compulsive behaviors (11%), delusions/paranoid thinking
(6.7%), hallucinations (4.4%), suicidal ideation (4.4%), and disoriented
behavior (2.2%). The overall apathy scores of the LARS-s and the PBA-s
significantly correlated (r=0.33, P= .038, N=39), supporting the
use of the LARS-s to measure apathy in HD. Furthermore, the cognitive
apathy domain demonstrated a significant negative correlation with
both TFC (r=−0.35, P= .036, P-adj= 0.049, N=36) and UHDRS-
cogscore (r=−0.46, P= .008, P-adj= 0.032, N=32), while the TFC
also presented a significant relationship with the LARS-s (r=−0.48,
P= .003, P-adj= 0.012, N=36) and auto-activation deficit
(r=−0.35, P= .037, P-adj= 0.049, N=36) (four comparisons; four
apathy scales× one clinical measure). As a control analysis, the PBA-s
affective behavior sub-score did not show such a relationship with TFC
nor UHDRS-cogscore. UHDRS-TMS did not demonstrate a significant
correlation with any behavioral markers.
For each scale and subscale, both manifest and premanifest parti-
cipants presented more severe apathy on average than control partici-
pants, with manifest patients demonstrating the most severe apathy.
One-way ANOVA demonstrated that these group differences were sig-
nificant after correction for four comparisons for the global LARS-s (F
(2,66)= 5.12, P= .009, P-adj= 0.018, ηp2= 0.134) and auto-activa-
tion deficit (F(2,66)= 5.25, P= .008, P-adj= 0.018, ηp2= 0.137),
whereas differences in cognitive apathy did not remain significant (F
(2,66)= 3.13, P= .050, P-adj= 0.067 ηp2= 0.087) (Table 2; Fig. 2).
Post-hoc comparisons revealed a significant difference between controls
and manifest patients for the global LARS-s (P= .002), auto-activation
deficit (P= .005), and cognitive apathy (P= .022). Premanifest parti-
cipants, however, only significantly differed from controls in the auto-
activation deficit domain (P= .017) (Table 2; Fig. 2), while manifest
patients exemplified a tendency toward more severe global apathy and
cognitive apathy than premanifest participants (P= .070 and P= .055,
respectively).
Similarly, when manifest and premanifest participants were pooled
together, the group maintained significant differences compared to the
control group in the global LARS (t(63.2)= 2.69, P= .009, P-
adj= 0.018, Cohen's d=0.63) and auto-activation deficit (t
(59.2)= 3.44, P= .001, P-adj= 0.004, Cohen's d=0.80). It should be
noted that while the premanifest and manifest groups differed in age,
this factor could not explain apathy levels across these groups
(Supplementary Table 1). There were no significant differences in
global apathy measures (LARS-s t(30)= 0.63, P= .990, PBA-apathy (t
(34)= 1.25, P= .261), mood scores (PBA-dep (t(34)= 0.43,
P= .956), and apathy subtypes (cognitive apathy(t(30)=−0.90,
P= .263, activation deficit t(30)= 0.218, P= .193) when comparing
HD individuals on or off the specified medications. However, emotional
Table 2
Behavioral results for three participant groups.
Control Premanifest Manifest P
LARS-s % clinically relevanta −9.90 ± 3.1, N=31 12.9% −8.65 ± 4.1, N=17 29.4% −6.14 ± 5.4, N=21 52.2% .009⁎
Cognitive apathyb −4.29 ± 1.8 −4.24 ± 1.9 −2.76 ± 3.2 .050
Auto-activation deficitb −2.36 ± 1.2 −1.00 ± 2.2 −0.86 ± 2.3 .008⁎
Emotional apathyb −3.16 ± 0.90 −3.12 ± 1.2 −2.95 ± 1.3 .279
PBA-s, apathyc - 4.76 ± 8.6, N=21 8.08 ± 7.6, N=24 -
PBA-s, affectivec - 4.91 ± 5.9 2.63 ± 3.29 -
Data presented as mean ± standard deviation. Greater or more positive numbers indicate more severe behavioral symptoms. P-values refer to one-way ANOVA
between controls, premanifest, and manifest groups.
N=number of participants; LARS-s= Lille Apathy Rating Scale, short-from; PBA-s= Problem Behavior Assessment, short-form.
⁎ P-values retained significance after false discovery rate correction (q=0.05).
a Cut-off for clinically relevant global apathetic syndromes is defined as a total LARS-s score > −7 (Dujardin et al., 2013).
b Subscale computed from the LARS-s.
c Measured based on ‘apathy’ and ‘affective behavior’ components of factor analysis in Callaghan et al. (2015).
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apathy showed a trend that was not significant after multiple compar-
ison correction (t(78)= 1,82, P= .015, P-adj= 0.09, six comparisons;
six behavioral measures). Seven HD participants and five controls did
not complete the apathy scales. One HD patient did not submit demo-
graphic data for years of education.
3.2. Differences in structural connectivity between Huntington's disease
patients and controls
Manifest HD patients overall showed lower mean FA values and
higher mean MD values in the majority of tracts when compared with
controls, demonstrating disturbed white matter microstructure
(Supplementary Table 2). Specifically, there was a significant increase
in MD values in the right UF (t(54)= 3.32, P= .002, P-adj= 0.006,
Cohen's d=0.92), the right FST (t(47)= 2.77, P= .008, P-
adj= 0.016, Cohen's d=0.82), and the dlPFC-cn in both the left (t
(38)= 2.21, P= .033, P-adj= 0.050, Cohen's d=0.72) and right
hemispheres (t(50)= 5.18, P < .001, Cohen's d=1.50) (six compar-
isons; three tracts × two hemispheres). Post-hoc one-tailed analyses
examining differences in structural connectivity between all HD parti-
cipants and controls replicated these results in three of the four tracts,
again in MD values: right dlPFC-cn (t(68.7)= 3.02, P= .002), right UF
(t(74)= 2.27, P= .013), and right FST (t(62)= 1.81, P= .038), with
the left dlPFC-cn showing a trend (t(55)= 1.39, P= .086).
3.3. Association between structural connectivity and apathy domains
When examining the association with global apathy, we first em-
ployed the PBA-s as an apathy measure in order to more closely parallel
previous literature (Delmaire et al., 2013; Gregory et al., 2015).
Fig. 2. Levels of apathy across participant groups.
Differences in global apathy (A) and three apathy domains (B) between controls, premanifest, and manifest Huntington's disease gene-expansion carriers, shown as
mean ± standard error of the mean. Global apathy is measured by the short-form Lille Apathy Rating Scale (LARS-s; range -15 to +15), where larger and more
positive scores indicate more severe apathy. *P-value < .05, **P-value < .01 after controlling for multiple comparisons.
Fig. 3. Positive relationship between apathy levels and white matter disturbance in the three tracts of interest.
Bivariate plot displaying the significant association between global apathy and mean diffusivity (MD) in the (A) right frontostriatal tract (FST) and (B) right uncinate
fasciculus (UF). Apathy is measured with the short-form Lille Apathy Rating Scale (LARS-s), ranging from −15 to +15, where larger and more positive scores
indicate more severe apathy. Larger MD values indicate more severe damage to white matter microstructure. Bivariate plots displaying the associations between
apathy domains and the MD of the dorsolateral prefrontal cortex to caudate nucleus tract (dlPFC-cn), FST, and UF, respectively. Cognitive apathy demonstrated a
strong association with both the left dlPFC-cn (C) and right FST (D), while auto-activation deficit exemplified a significant relationship with the right UF (E).
Correlation coefficients (r) and raw P-values (P) for each hemisphere are shown in upper left. Linear regression line is fit for each scatterplot to aid interpretation. *P-
value survives false discovery rate correction at q=0.05.
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Significant correlations were found between structural connectivity and
global apathy in that patients with higher PBA-s apathy values ex-
emplified increased MD in the right FST (r=0.46, P= .005, P-
adj= 0.020, N=36) (four comparisons; four tracts × one apathy
scale).
Post-hoc comparisons controlling for CAP, age, and sex maintained
significance in the right FST (r=0.43, P= .014). Further controlling
for affective behavior strengthened the relationship in the right FST
(r=0.67, P < .001) and revealed a similar relationship between
apathy levels and structural connectivity in the right UF (r=0.36,
P= .026). No significant correlations were found between global
apathy scores and white matter connectivity in the dlPFC-cn.
Following these findings, we reproduced these relationships in the
right FST and right UF in HD participants using the LARS-s. Specifically,
HD individuals with higher LARS-s apathy values exemplified increased
MD in both the right FST (r=0.43, P= .014, P-adj= 0.028, N=33)
and the right UF (r=0.33, P= .040, P-adj= 0.040, N=38) (two
comparisons; two tracts × one apathy scale; Fig. 3A,B). We again
controlled for CAP, age, and sex, revealing a trend toward significance
in the right FST (r=0.32, P= .095). This trend was maintained when
additionally controlling for affective behavior in the right FST
(r=0.31, P= .106).
In relation to apathy domains, higher cognitive apathy was asso-
ciated with increases in MD in the left dlPFC-cn (r=0.38, P= .040, P-
adj= 0.060, N=30) and right FST (r=0.40, P= .020, P-adj= 0.060,
N=33) (three comparisons; three cognitive tracts × one apathy scale;
Fig. 3C,D). When controlling or CAP, age, and sex, we found that this
trend was maintained in both the left dlPFC-cn (r=0.36, P= .071) and
right FST (r=0.34, P= .071). Additionally controlling for UHDRS-
cogscore and TFC strengthened the relationship in the right FST
(r=0.51, P= .010), while removing the association in the left dlPFC-
cn.
We investigated the relationship between auto-activation deficit and
the structural connectivity of both the right FST and right UF. While the
FST showed only a trend toward significance in increased right MD
(r=0.33, P= .058, N=33), the UF manifested a strong positive re-
lationship between right MD and the auto-activation deficit score
(r=0.39, P= .017, P-adj= 0.034, N=38), which survived correction
for two comparisons (two tracts× one apathy scale; Fig. 3E). Control-
ling for CAP, age, and sex maintained this association in the right UF
(r=0.36, P= .038), while decreasing the association in the right FST
(r=0.26, P= .170). The UF was not significantly associated with
emotional apathy.
Lastly, in order to verify that these correlations were specific to our
hypothesized apathy subtypes, we performed control correlations of the
dlPFC-cn with auto-activation deficit, both the dlPFC-cn and FST with
emotional apathy, and the UF with cognitive apathy. No significant
correlations were found.
4. Discussion
The present exploratory study aimed to disentangle the different
dimensions of apathy in HD individuals in relation to discrete white
matter tracts and potential apathy profiles, namely emotional, cogni-
tive, and auto-activation deficit subtypes. In particular, manifest HD
patients showed significantly higher levels of global apathy and auto-
activation deficit compared with controls, whereas premanifest in-
dividuals presented higher levels of auto-activation deficit only. We
next hypothesized that inter-individual variability in the disruption of
discrete cortico-striatal tracts could explain the differential severity of
each apathy profile. Indeed, higher levels of global apathy correlated
with a lateralized increased MD in the right FST and right UF. We
further revealed that domain-specific apathy correlated with an in-
crease in MD in the dlPFC-cn and FST for the cognitive domain of
apathy and in the UF for auto-activation deficit, also predominantly on
the right side.
Overall, we found that increases in apathy were significantly asso-
ciated with HD progression, as measured by TFC. This finding corro-
borates the relationship that has consistently been established between
increasing apathy and lower TFC (Thompson et al., 2002; Hamilton
et al., 2003; Naarding et al., 2009; van Duijn et al., 2014). Such a re-
lationship indicates that apathy may be a suitable biomarker for po-
tentially capturing the spectrum of neurodegeneration.
Affective behavior, however, was not found to correlate with TFC.
This supports previous studies showing that, in contrast with apathy,
neuropsychiatric symptoms such as anxiety, irritability, and depression
do not exhibit a consistent relationship with disease progression or
duration, instead manifesting at any stage of the disease progression
(Craufurd et al., 2001; Thompson et al., 2002; Naarding et al., 2009) or
even showing a reduction over time (Thompson et al., 2012). Secondly,
cognitive function, as measured by UHDRS-cogscore, bore a specific
relationship with levels of cognitive apathy, but not global apathy.
Compared to controls, both premanifest and manifest groups pre-
sented more severe apathy on average. However, it is important to
point out that premanifest individuals presented significantly higher
levels of auto-activation deficit than controls. This emphasizes the
gradual nature of disease onset, which affects neuropsychiatric func-
tioning years or even decades prior to formal disease diagnosis by
motor onset (Ross et al., 2014; Martinez-Horta et al., 2016).
Moreover, our findings suggest that specific apathy domains may
develop along differential timelines in HD, with auto-activation deficit
emerging prior to formal diagnosis. Thus, early in the disease process,
difficulty in self-activating thoughts or behavior can signal disease
progression. Additionally, levels of cognitive apathy and global apathy
were significantly increased in manifest patients when compared with
the control group. The fact that significantly higher levels of apathy
domains were specific to auto-activation deficit and cognitive apathy
supports findings that apathy in HD is particularly associated with
disease evolution in cognitive and functional modalities (Hamilton
et al., 2003; Naarding et al., 2009), but not necessarily in motor
symptomology.
Regarding the association between MD and apathy subtypes, our
findings highlight that damage to white matter microstructure in spe-
cific tracts may directly contribute to the severity of precise apathy
domains in HD. First, those with elevated MD in left dlPFC-cn white
matter presented higher levels of cognitive apathy. In support of this
finding, the gray matter regions of the dlPFC circuit have been speci-
fically associated with cognitive apathy previously, including cognitive
regions of the basal ganglia such as the dorsal caudate in addition to the
dlPFC itself (Levy and Dubois, 2006; Pagonabarraga et al., 2015).
Second, the right FST also exhibited increased MD in association
with higher cognitive apathy levels. To the best of our knowledge and
unlike the dlPFC-cn, the cortical terminations of the FST have not yet
been cited as being involved in cognitive apathy. Nonetheless, the
presupplementary motor area shares connections with the dlPFC and,
furthermore, is also functionally associated with non-motor, cognitive
processing (Nachev et al., 2008; Morris et al., 2016). In addition, pre-
paratory motor regions involved in action anticipation have been found
to be associated with the behavioral apathy domain using the LARS
(Bonnelle et al., 2016). This proposes the FST as a suitable candidate for
involvement in the cognitive form of apathy. Anatomically, cognitive or
dorsal territories of the caudate nucleus, to which the FST projects
(Riley et al., 2011; Robinson et al., 2012), are described as being in-
volved in this apathy subtype (Levy and Dubois, 2006), and the sup-
plementary motor area is specifically referenced as involved in auto-
activation deficit (Pagonabarraga et al., 2015) and apathy (Bonnelle
et al., 2016). In addition, the presupplementary motor area shares a key
role in voluntary action (Nachev et al., 2008). Imaging studies report
greater (Jenkins et al., 2000) and earlier (Cunnington et al., 2002)
activation in this cortical region when participants perform internally
initiated movements in contrast to those generated by external cues and
instruction.
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Third, heightened MD in the UF also portrayed higher levels of auto-
activation deficit, also in the right hemisphere. Gray matter targets of
the UF have explicitly been cited as being involved in auto-activation
deficit, specifically the ventral anterior cingulate cortex, anterior pre-
frontal cortex, and limbic territories of the basal ganglia including the
ventral caudate nucleus (Levy and Dubois, 2006). Although its function
is rather poorly understood (Catani and Thiebaut de Schotten, 2008),
the UF is often considered a limbic tract involved in emotional pro-
cessing (Catani et al., 2002; Von Der Heide et al., 2013). However, we
did not find a relationship between UF white matter and emotional
apathy. This suggests that another neural correlate may be more asso-
ciated with emotional apathy in HD. Alternatively, it is also possible
that participants in our sample simply did not present sufficiently high
or variable degrees of emotional apathy, as this subtype may affect
more advanced stages of the disease.
The fact that only MD was related to apathy severity and disease
progression markers suggests that the results may be attributed to
atrophy (Steventon et al., 2016) or white matter pathology that may be
restricted to damage to tissue microstructures, representing different
pathophysiological processes, whether due to fiber reorganization, in-
creased membrane permeability, destruction of intracellular compart-
ments, or glial alterations (Beaulieu, 2002; Acosta-Cabronero et al.,
2010). Another intriguing result is the rightward bias observed in those
tracts that show a significant association with apathy. Of the four as-
sociations found between white matter and apathy subtypes, three in-
volved the right hemisphere, with only the dlPFC-cn tract showing a
left-localized relationship with cognitive apathy. Interestingly, the re-
lationship between apathy and right rather than left hemisphere
structural damage has been demonstrated in a number of patient po-
pulations, such as in Parkinson's disease (Aarsland et al., 1999;
Bogdanova and Cronin-Golomb, 2012), frontotemporal dementia
(Peters et al., 2006; Mendez et al., 2008; Zamboni et al., 2008), Alz-
heimer's disease (Lanctôt et al., 2007), and brain damage patients
(Andersson et al., 1999) (but see Joseph, 1999; Wager et al., 2003; Roth
et al., 2004; Bruen et al., 2008). Tying these results with the rightward
trend observed in our paper (both in microstructure effect and its as-
sociation with apathy), we propose that this rightward bias in white
matter microstructural abnormalities is an underlying contributor to
the prevalent and progressive levels of apathy throughout HD.
Distinct from larger HD networks, our study can take advantage of a
tailored methodology, employing specific apathy scales and an opti-
mized DTI protocol in order to study the syndrome precisely and con-
sider the underlying heterogeneity of HD at the individual level. This
methodology is currently not available in other studies with HD in-
dividuals. However, it should be noted that, while the current analysis
aims to elucidate apathy as a syndrome, the PBA-s affective behavior
covariate is not capable of teasing out the full range of depressive
symptoms that may confound the evaluation of apathy. Future studies
should focus on utilizing more comprehensive neuropsychiatric mea-
sures to control for depressive features, and may also consider con-
trolling for obsessive-compulsive behaviors in addition to depressed
mood, suicidal ideation, and anxiety. On the other hand, future re-
search may also consider addressing clinically relevant comorbid
mental disorders as defined by current diagnostic manuals rather than
simply controlling for neuropsychiatric symptoms, a limitation of the
present study. Furthermore, while we have attempted to account for the
presence or absence of specific medications (including psychotropic
drugs), the heterogeneous nature of drug classes and variability in do-
sage and duration make it difficult to fully explain medication effects
that may enhance or engender apathetic symptoms. Lastly, given the
small group size, the present study is limited as an exploratory analysis,
and replication in a larger independent sample is needed. This is
especially important given that DTI data is inherently noisy, potentially
resulting in reduced power when detecting abnormalities related to
atrophy in white matter microstructure. Therefore, further studies need
to be carried out in the future using large-scale HD cohorts (TRACK-HD,
PREDICT-HD, IMAGE-HD) in order to better understand the neural
correlates involved in the spectrum of apathy.
The present findings are highly relevant in corroborating the pro-
gressive nature of apathy as a biomarker in HD while also pioneering
research on the disentanglement of apathy profiles in HD. As such,
these results bear implications for a differential diagnosis of apathy
subtypes and, subsequently, more individualized pharmacological
management. For example, cholinesterase inhibitors (which increase
acetylcholine levels) or cholinergic precursors has been shown to im-
prove cognitive performance and thus may be preferred in the treat-
ment of cognitive apathy, while methylphenidate (which increases le-
vels of catecholamines) or dopaminergic agonists may be reserved for
behavioral aspects of apathy in HD (Nobis and Husain, 2018), such as
auto-activation deficit. As a whole, this research contributes to the
elucidation of potential profiles of HD, which is currently diagnosed
solely as a progressive movement disorder (Rosas et al., 2008), yet
whose patients would benefit from profile development due to the
heterogeneous nature of symptom presentation and patterns of degen-
eration (Georgiou et al., 1999; Friedman et al., 2005; Gómez-Esteban
et al., 2007; Tippett et al., 2007; Thu et al., 2010).
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